V
itreous hemorrhage, as a potentially vision-threatening complication of diabetes mellitus 1 and other clinical conditions, 2 may affect as many as 20,000 individuals annually in the United States. 3, 4 In addition to direct visual impairment, persistent vitreous hemorrhage may obscure the development of vitreoretinal traction and fibrovascular epiretinal membranes. Thus, vitreous hemorrhage must be reduced and, if possible, eliminated to restore visual acuity and permit treatment of the underlying vitreoretinal disease. In patients with proliferative diabetic retinopathy, treatment is most frequently accomplished with panretinal laser photocoagulation (PRP). 5 Traditionally, the initial management of vitreous hemorrhage has involved observation for 3 to 6 months, followed by a vitrectomy when the hemorrhage does not clear spontaneously. During the observation period, visual impairment may interfere with activities of daily living and may increase the risk of falls in elderly patients. 6 Currently, dense vitreous hemorrhage is typically managed by observation or vitrectomy, or occasionally by off-label intravitreous injection of ovine hyaluronidase. Although vitrectomy is relatively safe and visual recovery usually occurs over several days to weeks, there are some potential risks of the surgery. 7 The decision to proceed to surgery has both social and economic ramifications that the patient may face, including absence from employment for at least a few days, the necessity of care from family members after surgery, and cost of the surgery.
Enzymatic vitreolysis and clearance of the hemorrhage has been investigated as a minimally invasive, conservative, and economical treatment for vitreous hemorrhage. 8, 9 However, at present, there is no Food and Drug Administration (FDA)-approved agent for vitreolysis. Vitrase (ovine hyaluronidase injection; ISTA Pharmaceuticals, Inc., Irvine, CA) is FDA approved and is indicated as an adjuvant to increase the absorption and dispersion of other injected drugs, for hypodermoclysis, and as an adjunct in subcutaneous urography for improving resorption of radiopaque agents. In this report we discuss the non-FDA-approved use of Vitrase for the treatment of vitreous hemorrhage. Intravitreous ovine hyaluronidase can facilitate hemorrhage clearance by inducing liquefaction of the vitreous, which allows for red blood cell lysis and phagocytosis. The efficacy and safety of a single intravitreous injection of highly purified, preservative-free, ovine hyaluronidase have been demonstrated in two large, multinational, randomized, double-masked, placebo-controlled, phase 3 clinical trials. 10, 11 Although the primary efficacy end point was not met in these trials, all the secondary efficacy end points were met. 10, 11 In some subjects, there was a relatively rapid response to hyaluronidase treatment, with substantial vitreous hemorrhage clearance within 4 weeks. The remaining subjects include a combination of those in whom the hemorrhage cleared within 3 months, and those in whom it appeared to be unresponsive to hyaluronidase treatment. Without a clear predictive method of distinguishing the responders from the nonresponders, the management of these patients is challenging. The clinician faces a dilemma: continued observation or vitrectomy surgery given the potential risks and costs, particularly for the high-risk surgical candidate or uninsured patient.
If a patient is treated with off-label ovine hyaluronidase, the goal is to achieve clearance of the vitreous hemorrhage. If the hemorrhage clears, the underlying disease can be treated. If the hemorrhage does not clear, then the retina surgeon must decide whether to continue observation for some period or to intervene with a vitrectomy. A predictive model to help guide the retina surgeon would be helpful in that circumstance. Such a model would allow patients to be treated with ovine hyaluronidase and then if the hemorrhage has not cleared within a month, a predictive model could be used to help predict whether the hemorrhage would be likely to clear by 3 months. If the model predicted a relatively high likelihood of clearance, then the patient would undergo continued observation. This approach may spare the patient unnecessary surgery. If the model predicted a relatively low likelihood of clearance, then vitrectomy surgery would be performed, potentially sparing the patient continued visual impairment and potential progression of the underlying disease for another 2 months.
Through a post hoc analysis of fundus examination data from the original phase 3 clinical trials, a simple and reliable scoring method was designed for distinguishing responders from nonresponders 1 month after a single intravitreous injection of ovine hyaluronidase. The method and potential implications for management of patients with diabetes and vitreous hemorrhage are described herein.
RESEARCH DESIGN AND METHODS

Training Set and Validation Set
To establish the applicability of results obtained in this retrospective analysis, the available subject data set was divided in half. One half, the training set, was used for the investigation and development of the predictive model. The other half, the validation set, was reserved until a final model was defined, and a decision threshold was chosen. The validation set was then passed through the predictive algorithm. The results reported were obtained from the validation set.
The two data sets were drawn from 856 subjects with diabetes who participated in the two phase 3 clinical trials of a single intravitreous injection of ovine hyaluronidase (Vitrase; ISTA Pharmaceuticals, Inc.) for the clearance of severe vitreous hemorrhage. 9, 10 Subjects who met the inclusion and exclusion criteria, including the absence of corneal or lenticular abnormalities that would preclude fundus observation along with vitreous hemorrhage, were sequentially assigned according to a computer-generated randomization list to a treatment group. The treatment groups included 7.5 IU (9.3 USP), 55 IU (68 USP), and 75 IU (93 USP). In consultation with the FDA, enrollment in the 7.5 IU group was terminated after 181 patients, because this dose was determined to be suboptimal. Data from this group are not included in this analysis.
Ophthalmic examinations were performed at baseline before intravitreous injection, at day 1, week 1, and months 1, 2, and 3 after intravitreous injection. Vitreous hemorrhage was scored at each assessment in the study eye in each of 12 angularly defined sections of the retinal fundus, corresponding to the 12 divisions of a clock face, as shown in Figure 1 . Each section of the fundus was assigned a welldefined vitreous hemorrhage grading score ranging from 0 (no hemorrhage) to 4 (most severe hemorrhage). The 12 scores were summed to give a total hemorrhage point score (THPS) at each visit. The reduction in THPS between baseline and 1 month after intravitreous injection (⌬THPS) was recorded. Note that this score is calculated as a "reduction" (THPS at baseline minus THPS at 1 month) rather than a "change" (THPS at 1 month minus THPS at baseline), to generate a positive number in most subjects.
The primary efficacy end point was defined by clearance of vitreous hemorrhage sufficient to see the underlying disease and to complete treatment, when indicated, by the month 3 visit. A subject was classified as having successful treatment if the vitreous hemorrhage in the study eye had sufficiently cleared for diagnosis of the underlying disease and if one of three predefined criteria were met within the month 3 visit window. One of the criteria was the completion of PRP for the underlying condition and at each clinical assessment. A notation was made in the case report form (CRF) as to whether PRP was initiated, ongoing, or successfully completed.
Data from the month 1 evaluation were used to predict the outcome in each subject at the end of month 3. Subjects for whom such a prediction would be irrelevant were eliminated from the receiver operating characteristic (ROC) curve analysis. Thus, subjects were excluded if the following events occurred before the month 1 visit: a serious adverse event, a vitrectomy or other ocular surgical procedure, and initiation or successful completion of PRP. A small number of subjects in whom ⌬THPS or outcome could not be determined due to missing data were eliminated. The remaining set of subjects was divided randomly into two halves: the training set and the validation set.
Statistical Analysis
A binary outcome classifier was assigned: 1, to designate a subject who had successful completion of PRP without vitrectomy at or before the month 3 visit (responder); 0, to designate a subject who did not have successful completion of PRP at or before the month 3 visit (nonre-FIGURE 1. ⌬THPS calculation example. In this example, THPS at baseline is 4ϩ3ϩ4ϩ4ϩ4ϩ4ϩ4ϩ4ϩ4ϩ4ϩ4ϩ3 ϭ 46; THPS at 1 month is 2ϩ2ϩ3ϩ3ϩ3ϩ4ϩ4ϩ3ϩ3ϩ2ϩ2ϩ1 ϭ 32. Thus ⌬THPS ϭ 46 Ϫ 32 ϭ 14. Since 14 is greater than the threshold of 5, this patient is positive, and a favorable outcome is predicted. sponder). The ⌬THPS was evaluated as a predictor of this binary outcome. An algorithm known as a linear classifier was used. 12 If the ⌬THPS exceeded a threshold value for a given subject, it was considered to be "positive," predicting a favorable response to intravitreous ovine hyaluronidase treatment. If the ⌬THPS was less than or equal to the threshold, it was assessed as "negative," predicting an unfavorable response. The selection of an appropriate threshold is discussed next.
The predictive value of ⌬THPS for the outcome was determined by using an ROC curve. 13 The area under the curve (AUC) was calculated, and a z-score was used to compare the predictive value of ⌬THPS with that of a random classification with no predictive value (null hypothesis).
14 Nonparametric density estimation 15 was used to plot the distribution of ⌬THPS in subjects by treatment group, and the treatment groups were compared by using the Kruskal-Wallis test and pair-wise by the Wilcoxon rank sum test.
To evaluate the use of ⌬THPS for the classification of subjects, a threshold value for ⌬THPS which best separated responders from nonresponders was chosen. Two experienced clinicians were presented with a table, based on training set data, which listed the number of true positives, true negatives, false positives, and false negatives that would result from various thresholds from 0 to 48. The clinical consequences of each patient scenario-true positive, true negative, false positive, and false negative-were explained and discussed. The clinicians were then asked to reach an agreement on a threshold which, in their judgment, represented the best tradeoff between false positives and false negatives, given the clinical consequences of each. The same threshold value was then applied to data from the validation set. The outcomes were tallied for subjects above and below this threshold. All statistical analyses were performed with commercial software (S-Plus, ver. 7.0; Insightful Corp., Seattle, WA).
RESULTS
Subject Disposition: Training and Validation Set
Of the 856 subjects with diabetes who were analyzed, 43 (5.0%) were excluded because of missing data for the calculation of the ⌬THPS, missing outcome data due to a missed month 1 visit, or loss to follow-up. Of the remaining 813 subjects, 13 (1.5%) were excluded because of treatment failure at or before the month 1 visit-namely, vitrectomy or other surgical procedures (e.g., cryoretinopexy or scleral buckle). Two of these subjects (0.2%) experienced serious adverse events, specifically retinal detachment. For the laser-treatment outcome, 100 (11.7%) subjects were excluded due to PRP initiation before the month 1 visit, which left 700 subjects. The subjects were then divided into a training set and a validation set of 350 subjects each. The training set was used for the evaluation of predictive models and the selection of the threshold.
As described in the Methods section, two experienced clinicians were asked to select the threshold, based on a table of the number of true-positive, false-positive, true-negative, and false-negative outcomes derived from the training set. A threshold of 5.0 was chosen by the clinicians and was then used to classify the patients in the validation set into predicted responders and nonresponders. The performance of those predictions is reported in the next section.
⌬THPS and Successful Laser Treatment
The ROC curve in Figure 2 shows the ability of ⌬THPS to predict successful laser treatment for various threshold levels of ⌬THPS. The y-axis shows sensitivity, which is the fraction of subjects in whom ⌬THPS was above the threshold among those who successfully completed laser treatment. The x-axis shows specificity, which is the fraction of subjects in whom ⌬THPS was above the threshold among those who failed to complete laser treatment without vitrectomy. The AUC is 0.845, refuting the null hypothesis of no predictive ability at P Ͻ 0.0001.
The selected ⌬THPS threshold of 5.0 resulted in a sensitivity of 84%, a specificity of 72%, a predictive value of a positive (⌬THPS above threshold) of 57%, and a predictive value of a negative (⌬THPS below threshold) of 91%. A tree diagram of subject outcomes, using the threshold ⌬THPS Ͼ 5.0, is shown in Figure 3 . Figure 4 shows nonparametric density estimates for ⌬THPS in the three treatment groups and indicates a skewed distribution. Median ⌬THPS for the saline, 55-IU, and 75-IU treatment groups are 2.0, 8.0, and 6.0 respectively. A one-sided Wilcoxon rank sum test of the hypothesis that the ovine hyaluronidase 55-IU response is greater than the saline control response yields a z-score of 4.3664 (P Ͻ 0.0001). A similar test for the ovine hyaluronidase 75-IU response versus the saline control yields a z-score of 3.4577 (P ϭ 0.0003). The difference between the 55-and 75-IU groups is not statistically significant (P ϭ 0.847). A Kruskal-Wallis test for the equivalence of ⌬THPS in the three treatment groups yields a 2 of 20.9626 (2 df; P Ͻ 0.0001).
⌬THPS by Treatment Group
DISCUSSION
Enzymatic vitreolysis with highly purified, preservative-free ovine hyaluronidase is emerging as a potential treatment for vitreous hemorrhage. The failure to meet the primary efficacy end point in the phase 3 clinical trials despite meeting all the secondary end points, variable responses to treatment, and a delay of up to 3 months between treatment and resolution have created challenges for patient management under the current treatment algorithm. For the patient who does not respond rapidly (i.e., within 1 month) to an intravitreous hyaluronidase injection, there has been no objective guidance to observe the patient or proceed to vitrectomy. shown, as a function of the threshold for ⌬THPS. In the calculation of sensitivity and specificity, a "positive result" is a prediction that the patient will successfully complete panretinal laser photocoagulation, using the success criteria previously defined. 9 The selected threshold point, ⌬THPS Ͼ 5, is shown as a black square, along with the specificity and sensitivity at that point.
Results from this analysis demonstrate that based on a noninvasive retinal examination at baseline and at 1 month after injection, the treating physician has a predictive scoring method to determine the likelihood of vitreous hemorrhage clearance after treatment with ovine hyaluronidase. 16 Many patients who will respond to this treatment can be identified earlier, thus avoiding an unnecessary vitrectomy. In addition, the ⌬THPS measurement can identify patients who may not be likely to respond to hyaluronidase treatment. An earlier vitrectomy may improve their quality of life 17 and prevent worsening of their underlying retinal disease.
The conservative choice of threshold, ⌬THPS Ͼ 5.0, is based on the paramount need to avoid "false negatives," which may result in recommendations of vitrectomy for patients who would otherwise respond to hyaluronidase treatment. If vitrectomy decisions were based solely on ⌬THPS, we would anticipate that 4.2% of patients would fall into this "false-negative" category. The false-negative value must be placed in context and compared to the potentially much larger number of potential responders who might undergo vitrectomy in the absence of any predictive guidance.
The potentially subjective nature of the scoring methodology used raises the question of interobserver variability. Regarding this, we note that the scoring system was previously published and validated as part of the clinical trial. 10 The methodology is further validated, since the training set was reproduced in the validation set. Finally, we note that interobserver variability is automatically accounted for in an ROC analysis: the scoring methodology must be reproducible in order for the score to have significant predictive value. A nonreproducible scoring system would result in a nearly straight ROC curve, an AUC near 0.5, and a predictive value near 50%.
Quantitative predictive models and ROC curves are common in many areas of medicine. 18 -21 For example, the CD4 FIGURE 3. Tabulation of subject outcomes. The tree diagram summarizes subject outcomes for "response" defined as successful completion of panretinal laser photocoagulation by month 3, and "treatment failure" defined as the need for vitrectomy or other surgery by month 1. Counts for month 1 responders and treatment failures have been divided by 2, to allow direct comparison with results from the validation set, which contains half of the subjects to whom the predictive model was applied. Classification by ⌬THPS result is not applicable to month 1 treatment failures or successes, because there is no need to use ⌬THPS to predict their status at month 3. count has been used as a surrogate marker for measuring the RNA human immunodeficiency virus (HIV), and the AUC was 0.76. 22 Another example is the prostate-specific antigen (PSA) test as the surrogate marker for prostate cancer, where the AUC is 0.74 to 0.76. 23 The use of ROC curve analysis in ophthalmology is increasing. 24 -26 We have presented a simple binary decision model to clearly articulate the process and the results of our analysis for vitreous hemorrhage after ovine hyaluronidase intravitreous injection, where the AUC was 0.845. In clinical practice, we anticipate that the ⌬THPS will assist in clinical decision-making for patients with diabetes and severe vitreous hemorrhage (Landers MB, et al. IOVS 2006; 47 : ARVO E-Abstract 998; Bhavsar AR, et al. IOVS 2006; 47 :ARVO E-Abstract 973). 27 Patients with "borderline" ⌬THPS could be observed, for example, for an additional month, and re-evaluated. General patient health, candidacy for vitrectomy, and occupational requirements should be considered in addition to the ⌬THPS when deciding to perform surgery.
The ROC curve analysis is dependent on the demographics and the clinical characteristics of the population studied. It should be noted that this population included a control group of subjects who received a saline injection. Since saline injection is not used as a treatment for vitreous hemorrhage, this group would not exist in clinical practice. Of importance, the response rate of subjects in the saline group was lower than in those in the hyaluronidase group. Therefore, the results presented herein are conservative, and the overall treatment benefit is underestimated. In clinical practice, the predictive model may be more useful when the alternative treatment is observation alone. The saline control group was retained to demonstrate that the ⌬THPS-based predictions are valid over a wide range of hyaluronidase dosages, including 0. It is unknown whether the validated predictive model for vitreous hemorrhage and Vitrase, a highly purified form of ovine hyaluronidase, would be applicable to other forms of hyaluronidase, including compounded, bovine or other animal, and human recombinant. Separate validation studies would be necessary for each alternative hyaluronidase source, with a design similar to that used in our study.
Note also that all the subjects in this study had what would be characterized as "dense" vitreous hemorrhage, due to the nature of the entry criteria. The median baseline THPS was 46.5 of a possible score of 48.0 (indicating total opacity). Thus, we cannot address the questions of treatment effectiveness or applicability of the model in patients with less severe degrees of vitreous hemorrhage.
The model illustrates that the long-term outcome of hyaluronidase treatment is largely determined by physiological events in the first few weeks, even if they produce only small changes in the ⌬THPS. The mechanisms underlying vitreous hemorrhage clearance are not completely understood and may include vitreous convection currents affecting the diffusion, absorption, and metabolism of the red blood cells. Treatment failure may be due to recurrent vitreous hemorrhage or the formation of epiretinal or vitreoretinal fibrovascular membranes which could interfere with the physical transport of hemoglobin, red blood cells, and cellular and biochemical factors that affect phagocytosis. The results presented may lead to future clinical investigations of the vitreous hemorrhage treatment algorithm. Additional studies may include the development and validation of more sophisticated predictive models, incorporating earlier and more frequent measurements of changes in THPS, as well as additional variables such as the patient's age or duration of the hemorrhage. Finally, there is the possibility, not considered in these trials, of using ⌬THPS to identify candidates for a second injection of hyaluronidase.
In conclusion, when a patient with diabetes presents with severe vitreous hemorrhage, the clinician may choose to treat off-label, with a single 55-IU intravitreous injection of highly purified, preservative-free, ovine hyaluronidase. The application of the predictive model using the ⌬THPS under this circumstance provides a tool to help guide decision-making and the further management of these patients. Ultimately, the use of such a model will lead to more effective care of patients with diabetes who receive off-label treatment with ovine hyaluronidase for severe vitreous hemorrhage.
